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Abstract 

Recent LHC searches have not found a clear signal of the Higgs boson h of the standard model (SM) 
with three or four families in the mass range m h = 120 - 600 GeV. If the Higgs had an unexpectedly large 
invisible branching ratio, the excluded m h regions would shrink. This can be realized in the simplest 
weakly interacting massive particle dark matter (DM) model, which is the SM plus a real gauge-singlet 
scalar field D as the DM, via the invisible mode h — > DD. Current data allow this decay to occur for 
D-mass values near, but below, m h /2 and those compatible with the light DM hypothesis. For such 
D masses, h — > DD can dominate the Higgs width depending on m h , and thus sizable portions of the 
m h exclusion zones in the SM with three or four families may be recovered. Increased luminosity at 
the LHC may even reveal a Higgs having SM-like visible decays still hiding in the presently disallowed 
regions. The model also accommodates well the new possible DM hints from CRESST-II and will be 
further tested by improved data from future DM direct searches. 
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The hunt for the Higgs boson is an essential part of our effort to test the standard model (SM). 
Searches at the Tevatron [l[ have ruled out the SM Higgs boson h with mass m h between 156 
and 177 GeV at 95% confidence level (CL). The latest results from the LHC have excluded most 
of the m h range of 145 -466 GeV 0, ^ at 95% CL. The LHC data are not yet sensitive to the 
region around m h ~ 120 GeV favored by the SM fit to electroweak precision data Q. 

The main production process for the SM Higgs at hadron colliders is the gluon fusion gg — >■ h 
arising from a top-quark loop (Hf. This mechanism is thus sensitive to new physics which can affect 
the loop-induced gg — >■ h amplitude, such as extra heavy quarks. Especially in the SM with four 
sequential fermion families (SM4), the new heavy quarks can enhance the Higgs production cross- 
section by up to —9 times [6] relative to that in the SM with three families (SM3). Reinterpreted 
in the SM4 context, the current LHC data then disallow m h values from 120 to 600 GeV 0, 0], 
which form a sizable part of the range allowed by precision data Q , while Tevatron results exclude 
only m h = 124 -286 GeV ft 

Future LHC searches may well discover a Higgs within the SM (either SM3 or SM4) preference. 
However, if none is found between the LEP lower-bound and 1 TeV, physics beyond the SM 
may have to supply the explanation. New physics could offset the heavy-quark contribution 
to gg — > h [9j, reducing the h production rate to below its SM value, and/or the couplings involved 
in the decays on which Higgs searches rely could be less than the corresponding couplings in 
the SM, as may occur in two-Higgs-doublet models [9 ! | . Alternatively, it is of course possible that 
an elementary Higgs does not exist at all, if the electroweak symmetry breaking sector is a strongly 
correlated system [lOj], or that the Higgs is simply too heavy for LHC data to reveal. It may also 



be that the Higgs has an unexpectedly big branching-ratio B im into invisible particles PJJ, 112| 
Even if its production mechanisms and decays into visible channels are not altered, a larger-than- 
expected B inv will lower the event numbers of the Higgs decays used in the LHC analyses, due 
to the increased rate of the invisible mode. A sufficiently high B im will even make the present 
bounds on m h disappear. In this paper we focus on this last possibility and demonstrate that 
it may indeed be realized in a particle physics model of cold dark matter we call SM+D. This 
illustrates the potential deep connection between dark matter and Higgs physics. The interplay 
between the two sectors might shine light on the still hidden elements in them. 

The SM+D is one of the simplest models which can provide weakly interacting massive par- 
ticle (WIMP) dark matter (DM). In addition to the SM particles, it has a real scalar field D 
dubbed darkon which is a singlet under the SM gauge group and acts as the WIMP. Beyond 
the SM (SM3 or SM4) part, the Lagrangian of the model has new renormalizable terms given 



by [13|, |14j 



C D = \9>D d^D - \X D D 4 - \mlD 2 - XD 2 H^H , (1) 
where A^,, m , and A are free parameters and H is the Higgs doublet containing the physical Higgs 



field h, in the notation of Ref. [11] which gives some more details on the model. Its DM sector 
has a small number of free parameters, only two of which, besides m h , are relevant to our study: 
the Higgs-darkon coupling A and the darkon mass m D = (mg + Aw 2 ) 1 / 2 , where v = 246 GeV is 
the Higgs vacuum expectation value. 

The darkon model can yield the required WIMP relic density by means of Higgs-mediated 
darkon annihilation into kinematically allowed SM particles [l3, 14]. Upon specifying m D and m 



hi 



one can extract A from the relic-density number Q D h = 0.1123 ± 0.0035 [15]. Applying the pro- 



cedure given in Ref. [11] to the SM3+D case for 2.5 GeV < m D < 400 GeV and some illustrative 



values of m h , we present the results in Fig.[TJa), where the band widths reflect the relic-density 



2 



range. In the SM4+D, the A results are mostly somewhat lower than their SM3+D counterparts 



by no more than —20%, similarly to what was found in Ref. The reason for the decrease is 



that the Higgs total width in the SM4 is enlarged relative to that in the SM3, mainly due to the 
rate of h — > gg being enhanced by the new heavy quarks 

A number of underground experiments have been performed to detect WIMP DM dire ctly 



by looking for the recoil energy of nuclei due to the scattering of a WIMP off a nucleon |16H22 



The acquired data impose additional constraints on the parameter space of the darkon models. 
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FIG. 1: (a) Darkon-Higgs coupling A as a function of darkon mass m D for Higgs mass values 
115,150,200,450 GeV in SM3+D. (b) The corresponding darkon-nucleon cross-section cr el , com- 



pared to 90%-CL upper-limits from CoGeNT (magenta dotted curve) [171 ]. CDMS (brown long-dashed 
curves) 0], XENON10 (green dot-dashed curve) [19], and XENON100 (black short-dashed curve) 0, 
as well as two (cyan) areas representing the new CRESST-II result 2l| and a dark-gray patch fitting both 
DAMA/LIBRA and CoGeNT signal data Q. The black-dotted sections of the curves in (a), 
and also in the following figures, are disallowed by the direct-search limits in (b) as discussed in the text. 
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tic collision via t-channel Higgs-exchange [13|, [14 



The relevant observable is the spin-independent cross-section cx el of the darkon-nucleon elas- 

Thus to compute a el requires knowing not 
We again follow Ref. [Ill ], but here employ 



only A, but also the Higgs-nucleon coupling g NNh . 
a range of g NNh to account for its substantial uncertainty arising from its dependence on the 



pion-nucleon sigma term a nN which is not well determined [23]]. Since phenomenological analyses 
yield 



while lattice calculation results have a wider spread from 
15 to 90 MeV [25j, we can reasonably take 30 MeV < a nN < 80 MeV. With the aid of formulas 



36 MeV < <j tN < 71 MeV 



from Refs. [ll|,|26j, this translates into 0.0011 < g s ^f h < 0.0032 and 0.0016 < gfffi h < 0.0033 



.SM4 



We show in Fig.[T](b) the calculated a cl in the SM3+D for the same choices of m D and m h as 
in Fig.[T](a). Also shown are results of the latest direct-searches for DM, including CRESST-II 
which has reported fresh possible WIMP hints 211 ] . Evidently the g NNh uncertainties can make a el 
vary by up to an order of magnitude |23j . Nevertheless, including them leads to a more complete 
picture of how the data confront the darkon model. In the SM4+D case, which is not shown, the 
majority of the predictions for a el are higher by ^50%, and varying somewhat less, than their 
SM3+D counterparts. 

Comparing the SM3+D predictions for a el to the experimental bounds in Fig.[T](b), one can 
see that darkon masses > 15 GeV up to ^80 GeV are disallowed except around m D ~ mu/2. 
We remark that these dips near m D = m h /2 are a common feature of a cl curves 26 



Specifically, we find 54 GeV < m D < 63 GeV is allowed for m h = 115 GeV, and also m D >Q6, 
75,80 GeV for 



54 GeV < m D < 62 GeV for m h 



150,200,450 GeV, respectively. Their counterparts in the SM4+D are 

150, 200, 450 GeV, 

respectively. More generally, the direct searches to date have not yet probed the darkon model 
much beyond m D ~ 80 GeV. 

For lighter darkons, it may seem from Fig.[T](b) that almost all masses down to m D ~ 5 GeV 
are already excluded by the CDMS, XENON10, and XENON100 limits, jfoweyer^their results for 

Furthermore, 
2ll have turned 



WIMP masses ^15 GeV have been seriously disputed in the literature [22J, |27J, [28 
other recent searches by DAMA/LIBRA [16], CoGeNT (Tj, and CRESST-II 



up potential evidence for DM under 30 GeV. In particular, the excess events newly observed at 



CRESST-II may have been caused by WIMPs of mass about 12 or 25 GeV [21] . Pending a general 



consensus on this matter, it is not impossible that the DM masses suggested by DAMA/LIBRA, 
CoGeNT, or CRESST-II are still viable. One should therefore keep an open mind that this light- 
WIMP region is not totally ruled out. It is then interesting to see that the SM3+D predictions 
in Fig.Hfb) overlap well with the 2<r-confidence (cyan) areas compatible with the CRESST-II 
result [21], especially the lower mass region around 12 GeV. The predictions also cover part of the 
dark-gray area that can fit both the DAMA/LIBRA and CoGeNT data at 99% CL according to 



Ref. 27]. The same can be said of the corresponding results in the SM4+D. 



For even lower masses, the available data on 5-meson decay B — > Klfi and kaon decay K — >■ -nlfi 



with missing energy ffi imply stringent restrictions excluding most of the m D < ( 



2.4 GeV region 
are still too weak 



11J3 



B 



m 



K 



)/2 



30 



In contrast, bounds on B — > Ifi and the bottomonium decay T — > 7^ 
to probe higher masses up to m D ~ m T /2 ~ 5 GeV. 

Based on the preceding considerations, we regard the range 2.5 GeV < m D < 15 GeV as still 
viable in the SM3+D and SM4+D. It accommodates the WIMP masses hinted at by CoGeNT 
as well as the smaller values of those suggested by DAMA/LIBRA and CRESST-II. The various 
allowed ranges of m D discussed above are depicted for the SM3+D in Fig.[[ta), where the black- 
dotted sections of the A curves are disallowed. 
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Now if m h > 2m D , the branching ratio of the invisible decay h — > DD is Bih — > DD) = 
F(h DD)/T s h M+D , where T(h ->■ DD) = AV(l - 4mf,/my ^ 2 /(8Trm h ) and r^ M+D = r| M + 
r(/i -» DD) includes the Higgs total width I^ M in the SM3 or SM4 without the darkon. To 
illustrate how large B(h — >■ DD) can be, we use the A values obtained earlier to draw the plots 
in Fig. [2J where the black-dotted areas are again excluded. Obviously, in the viable m D zones of 
the SM3+D or SM4+D the additional process h — > DD can greatly enhance the Higgs invisible 
branching ratio B inv ~ Bih — >■ DD). Needless to say, this implies potentially significant changes 
to the Higgs branching ratios assumed in LHC analyses (3lj . 

The impact of the enlarged B inv on Higgs searches can be quantified in a different way. Since 
the darkon has no gauge interactions or mixing with the Higgs, the rates of Higgs decays into 
77, t + t~, bb, WW(*\ and ZZ^*\ which are employed in LHC searches [1, 0, 0], are not modified 
in the SM+D with respect to the SM alone. It follows that their branching ratios in the SM+D 
are all subject to the same reduction factor 



B(h -> xx) rg M 
n ~ B(h^xx) SM - TtTW^dd) ■ (2) 

Since the gg — >• h expectation is unchanged by the darkon's presence, the cross-section of gg — > 
h — y XX is then decreased by the same factor 71, as are the cross sections of other Higgs 
production modes. Hence the assumed event rate for each production channel in the SM Higgs 
searches would be overestimated by 1/TZ times. 

In Fig. [3] we plot 7Z for the same m D and m h choices as in Fig.[5J These graphs indicate that 
the darkon effect can suppress the Higgs branching ratios into SM particles by up to 3 orders of 
magnitude. More precisely, the values of 1Z in the viable regions of m D are collected in Table HI 
One notices that the two allowed regions of m D lead to two distinct ranges of 71 in each m h 
case, the gap between them narrowing as m h increases. Moreover, 71 at a particular m D rises 
drastically right after m h exceeds 2m w and the channel h — > WW is fully open, which quickly 
builds up r^ M . It is worth remarking, in addition, that the upper limits of 71 in the viable \cw-m D 
region would not change much if its maximum value were increased from 15 GeV to 20 GeV (or 
even30GeV). 
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FIG. 2: Branching ratio of h — ¥ DD as a function of m D in (a) SM3+D and (b) SM4+D for m h 
115,150,200,450 GeV. 
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FIG. 3: Reduction factor 1Z as a function m fl in (a) SM3+D and (b) SM4+D for m h = 115, 150, 
200, 450 GeV. 

TABLE I: Ranges of 7Z corresponding to the allowed m D regions (I) from 2.5 to 15 GeV and (II) not 
far from, but less than, m h /2, for m h = 115, 150,200,450 GeV in (a) SM3+D and (b) SM4+D. 





115 


150 


200 


450 


Ia 


[0.0007,0.009] 


[0.0018,0.020] 


[0.058,0.41] 


[0.15,0.65] 


II a 


[0.56,1] 


[0.48,1] 


[0.95,1] 


[0.97,1] 


lb 


[0.0014,0.018] 


[0.0025,0.029] 


[0.065,0.44] 


[0.16,0.68] 


lib 


[0.79,1] 


[0.72,1] 


[0.98,1] 


[0.99,1] 



With our 1Z examples, we can explore how the darkon effect may alter the LHC limits on m h . 
Since the determination of the m h exclusion zones is based on the measured upper-limit on the 
Higgs production cross-section at the pp collider divided by its SM expectation, u/cr SM , where 
<7 SM = a(pp — > h + anything) B(h — >■ XX)sm, any change in a SM would also change the limit 
and hence the disallowed regions. The presence of the darkon with m D < m h /2 implies that 
B(h — > XX)sm needs to be replaced by B(h — > XX) = lZB{h — > XX)$m and hence cr/a SM 
by a/((T SM 7l). This would amount to the weakening of the bounds by a factor 1/1Z. 
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Specifically, the latest 95%-CL upper-limits on cr/cr SM in the SM3, and their median expected 
limits, reported by ATLAS and CMS @, Q have minima of around 0.3 to 0.4. From Fig. [3] and 
Table [J we can then infer that the m h exclusion zone in the SM3, from 145 to 466 GeV [l, 0] , 
can be entirely recovered in the SM3+D if m D < 5 GeV. Furthermore, the recovered region may 
become slightly smaller as m D rises to 15 GeV. For m D ~ ■m h j2 y with 1Z> 0.5, only some of the 
disallowed Higgs masses can be made viable again. 

On a related note, it is intriguing that the modest (—2 standard deviation) excess at m h ~ 
140 GeV observed by both ATLAS and CMS 0,0] can be explained as a Higgs having B mv ~ 0.5 
at m D ~ 60 GeV in the SM3+D according to Fig.E^a). A similar interpretation was previously 



offered in Ref. 32 



In the SM4 case, the 95%-CL upper-limits on u/u SM and their median expected limits lie 
mainly between 0.1 and 0.2, whereas their minima are roughly 0.06-0.08 and 0.03, respec- 
tively [2j, iTJ. Based on Fig. [3] and Table HJ we then conclude that not all, but a sizable fraction, 
of the m h exclusion zone, 120-600 GeV, can be recovered in the SM4+D if m D < 5 GeV. As m D 
goes up to 15 GeV, only m h <2m w can be saved. If m D ~ m h /2, the viable zone is limited 
to m h ~ 120 GeV. As LHC luminosity grows, the recovered region in the SM4+D may shrink 
fast, unless its Higgs is detected. 

Finally, the fact that the SM Higgs decay rates into SM particles are not modified by the 
darkon's presence implies that the relative sizes of these decay rates in the SM3+D (SM4+D) 
are the same as their counterparts in the SM3 (SM4). It follows that, if the LHC observes 
an unambiguous signal of a new electrically neutral particle in the mass range from ~115GeV 
to 1 TeV and if its production rate is below that of the SM Higgs, but still within SM3+D 
(SM4+D) expectations, examining the relative rates of the new particle's visible decay modes 
would be a means to help establish whether it is an SM3+D (SM4+D) Higgs or it belongs to 
some other model. If it seems to be an SM3+D or SM4+D Higgs, future DM direct searches with 
improved sensitivity can check the model further for consistency. 

In conclusion, we have explored the implications of the the SM Higgs mass exclusion zones 
recently obtained at the LHC for the simplest WIMP DM models, the SM3+D and SM4+D. 
Current experimental constraints allow m D values not too far from, but less than, m h /2 and those 
compatible with the light- WIMP hypothesis. In these two regions, the invisible mode h — > DD 
can dominate the Higgs decay, with an enhanced branching ratio. We have demonstrated that, as 
a consequence, significant portions of the presently excluded ranges of the SM3 and SM4 Higgs 
mass may be recovered. With increased luminosity, the LHC may even uncover a Higgs having 
SM-like visible decays still hidden in the currently disallowed regions. We emphasize that the 
SM3+D and SM4+D predictions overlap well with the parameter space for the possible WIMP 
evidence in the new CRESST-II measurement, although it is in tension with limits from some 
other DM experiments. More precise data from future DM direct searches can test the models 
more stringently. 

This work was supported in part by NSC and NCTS of ROC, NNSF and SJTU 985 grants of 
PRC, and NCU Plan to Develop First-Class Universities and Top-Level Research Centers. 
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